Therapeutic nucleic acids are powerful molecules for shutting down protein expression. However, their cellular uptake is poor and requires transport vectors, such as cationic polymers. Of these, poly(ethylenimine) (PEI) has been shown to be an efficient vehicle for nucleic acid transport into cells.
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Accepted Manuscript Nanoscale www.rsc.org/nanoscale Introduction Nucleic acid delivery for therapeutic purposes has been, and is still, a very promising method for treating different diseases that are otherwise untreatable with conventional small-molecule therapeutics. Taking advantage of the RNase H degradation pathway and innate RNAi mechanisms transforms "undruggable" diseases into "druggable" and controllable alternatives. However, the success of these approaches has been dependent on the development of highly efficient nucleic acid carriers. Exploiting the tropisms and characteristics of viruses is one approach for enhanced nucleic acid delivery. This approach, though highly promising, has been marred by problems with immunogenicity 1 and high cost. 2 Alternatively, nonviral carriers seek to mimic viral capsid efficiency by artificial means while being easily synthesized and inducing low immunogenicity. 3 Almost universally, most of these synthetic strategies are cationic polymers or lipids which form self-assembled polyelectrolyte complexes with nucleic acids, facilitating cellular uptake and endolysosomal escape. 4 To date, many cationic compounds have been developed as carriers. However, ethylenimine polymers (poly(ethylenimines), PEIs), remain the gold-standard for the development of new gene carriers. The first report demonstrating the prominent transfection efficiency of PEI was published in 1995. 5 Since then, many reports have confirmed these observations and further explored the mechanism of PEI-mediatednucleic acid uptake. PEIs interact directly with DNA through their positively charged amino groups thus condensing DNA into complexes with an overall positive charge. Subsequently, cationic PEI/nucleic acid particles interact with anionic proteoglycans on the cell surface 6, 7 and are internalized via at least two different endosomal pathways, the clathrin-and the caveolae/raft-dependent routes. 8 Endosomal escape is often attributed as the leading mechanism for the high transfection efficiency of PEI. In endosomal compartments, PEI is able to buffer the pH causing a large build-up of ionic concentration, which results in osmotic swelling. Additionally, internal charge repulsion leads to polymer expansion. 5 Ultimately, this will cause destabilization and rupturing of endosomal membranes leading to the release of PEI/DNA complexes into the cytosol. This has been termed the "proton sponge effect". 9 As the complexes transition through the cytosol, it was demonstrated that PEI:DNA complexes are initially protected from degradation 10 but DNA can undergo decondensation from PEI in the cytosol 11 potentially allowing antisense nucleic acid molecules to exert their therapeutic effect.
Unfortunately, highly efficient DNA (plasmid DNA) carriers such as branched (B-PEI) and linear PEI (L-PEI), form poor carriers of antisense oligonucleotides 12 and siRNA molecules. 13 Grayson and colleagues demonstrated that only B-PEI induced specific RNA interference at high concentrations at which cytotoxicity becomes a noticeable concern. 13 It has been suggested that the lower number of anionic charges present (in siRNA duplexes and antisense strands compared to plasmid DNA) reduces the electrostatic cohesion between PEI and these nucleic acid molecules, resulting in reduced cooperative binding. 14 The use of lower molecular weight PEI greatly reduces cytotoxicity. However, this comes at the cost of poor transfection efficiency. [15] [16] [17] In order to overcome this limitation, PEI chemistry can be altered by conjugation to lipidic moieties, leading to enhanced delivery of short nucleic acids. 12, 18 Other approaches to reduce cytotoxicity involve cyclizing LMW PEIs. 19 A recent report demonstrated that introduction of PEI to biodegradable nanoparticles enhanced transfection efficiency and gene silencing. 20 Interestingly, enhanced gene silencing was observed when siRNA with sticky overhangs were used with PEI. These siRNA strands oligomerized to form 'gene-like' particles that bound more strongly to PEI. 21 Thus, creating nucleic acid particles that resemble highly negatively charged plasmids can be a promising avenue for PEI-mediated gene silencing.
We recently reported the facile and high yielding synthesis of a new class of DNA-polymer conjugates via automated solid-phase synthesis. 22 Unlike most synthetic macromolecules, the polymers attached to DNA are fully monodisperse and sequence-controlled. These DNA-polymer conjugates (DPs) can incorporate long chain aliphatic, aromatic, metal coordinating, polyfluorinated and oligo(ethylene glycol) units with control over the sequence of monomers. By introduction of dodecane diol polymer blocks with hydrophobic character DNA-amphiphiles can be created, which spontaneously self-assemble into highly monodisperse spherical micelles in solution. 22 Several examples in recent years have emerged demonstrating the suitability of DNA nanostructures for nucleic acid delivery such as spherical nucleic acid particles, among others. [23] [24] [25] [26] [27] [28] Often these self-assembled DNA structures require many unique strands to produce the effective target structure, 29, 30 raising issues of scalability and immunogenicity/off-target effects. DP micelles have the advantage of producing well-defined, monodisperse nanoparticles while only using a single DNA/RNA sequence and a polymer modification. The resulting DNA-polymer micelles are capable of encapsulating small molecule drugs in their core while retaining the molecular recognition properties of DNA. 22 DNA-based micelles have been shown previously to have enhanced cellular uptake profiles, [31] [32] [33] and are therefore a potentially useful delivery strategy for nucleic acid therapeutics. Furthermore, DNA-polymer micelles have been shown to effect gene silencing by conjugating locked nucleic acid-stabilized oligonucleotides directly to hydrophobic polymers. 34 In the present study, we have synthesized micelle-forming antisense (ASO)-polymer conjugates and condensed them with L-PEI in order to achieve high transfection efficiency with minimal cytotoxicity. 
Synthesis and Characterization of ASO-polymer conjugates
The DNA synthesis was based on previous work by Edwardson et al., 22 Samples were diluted to 1-4µM in 1xTAMg buffer and 5 µL of this solution was deposited on a freshly cleaved mica surface (ca. 7 x 7 mm) and allowed to adsorb for 1-2 seconds. Next, 50µL of 0.22 µm filtered Millipore water was dropped on the surface and instantly removed with filter paper. The surface was then washed with a further 4x50 µL of water and the excess removed with a strong flow of nitrogen.
Samples were dried under vacuum for 10-20 minutes prior to imaging.
Transmission Electron Microscopy
TEM samples were simply prepared by depositing 3 µL of sample solution (1 µM, 1xTAMg) onto the carbon-coated grid. After 90 seconds, the droplet was removed using filter paper and the grid was held under vacuum for 4 hours before microscopy.
Zeta potential Analysis DNA-conjugates were annealed into micelles, and subsequently incubated with PEI to a concentration of 
Dynamic Light Scattering
Samples, water and buffer were filtered using a 0.22 µm nylon syringe filter prior to use in DLS sample preparation. Scattering measurements were carried out at 25 o C, and a cumulants fit model was used to determine the size and distribution of spherical particles. For the PEI-ASO complexes the PEI and oligonucleotide solutions were mixed and incubated at room temperature for 10 minutes prior to measurement.
Cell Culture
HeLa cells were maintained in 10% FBS and antibiotic/antimycotic (AB/AM) and cultured in 5% CO 2 at 37°C. Typically, cells were split in 1:4 ratio every 3 days.
Cytotoxicity Assay
The cytotoxicity of the different PEIs was assessed using the CellTiter Blue kit from Promega according to the manufacturer's instructions. Briefly, HeLa cells (human cervical cancer) were seeded at a density of 5000 cells per well in a 96-well plate in DMEM media (Invitrogen) supplemented with 10% FBS and AB/AM. Stock solutions of PEI salt complexes (1 ug/1uL) were initially diluted in DEPC (Diethylpyrocarbonate)-treated water. Final concentrations of PEI were varied and maintained according to different N:P ratios. Cells were incubated for 24 h in 5% CO 2 at 37°C. After the incubation period, the fluorescent reagent (CellTiter Blue) was added to each well and further incubated for 3 h in 5% CO 2 at 37°C. Subsequently, 96-well plates were allowed to equilibrate at room temperature and the fluorescence was measured at 590 nm (Ex. 530, Em. 590) using a BioTek Synergy HT micro-plate reader. All quantifications were done using GraphPad Prism 5 software.
Luciferase Knockdown Assay
Luciferase knockdown assays were performed as described in Deleavey et al. 35 with a few modifications.
Typically, HeLa cells were counted and seeded at a density of 10,000 cells/well in a 96-well plate. Cells were allowed to recover for 24, 48, and 72 hours at 37°C with 5% CO 2 . Subsequently, cells were washed once with serum-free DMEM (Dulbeco's modified eagle medium) media and then 80 µL of serum-free With the size and structure of the HE 12 -Luc-ASO micelles determined we were next interested in studying the HE 12 -Luc-ASO:PEI complexes. Here we focus on the 25kDa L-PEI at an N:P ratio of 10, as this gave the most promising results in the in vitro gene silencing experiments (detailed below). As the mechanism of uptake is unknown, an investigation into the presence of any stable structure may provide clues into the effectiveness of the micelle:polycation platform. In each case HE 12 -Luc-ASO micelles were prepared as described and 25kDa L-PEI (in TAMg buffer) was added to produce the N:P=10 complexes at 4µM of DNA. After a 10 minute incubation period, the samples were analyzed. As can be seen in Fig. 2B , a large jump in hydrodynamic radius from 8.6 ± 0.1 nm to 41.3 ± 2.6 nm is seen, suggesting aggregation of the HE 12 -Luc-ASO micelles into a larger superstructure by PEI. Figure 2A represents this structure as an aggregate of micelles, however, presently we are investigating whether the micelles are intact within this aggregate. Additionally, AFM and TEM showed the presence of large globular structures, with radii of 42.8 ± 9.1nm and 54.7 ± 16.3nm respectively. The narrow polydispersity for these polyelectrolyte complexes may be due in part to the monodisperse HE 12 -Luc-ASO micelles.
Zeta potential measurements showed negative values for the ASO strand and the ASO micelle, which increased to values close to +60mV upon PEI complexation. (Fig. SF12 ) In Vitro Cytotoxicity
When considering PEI for non-viral nucleic acid delivery, a balance has to be struck between high transfection efficiency and low threshold cytotoxicity. Low MW (LMW) PEIs are known to be poor vectors compared to high MW (HMW) PEIs (>20 kDa) while being less cytotoxic. In our approach we first wanted to choose an appropriately sized PEI polymer to achieve this delicate balance.
To this end, we tested four different polymers (Fig. 3 ) for in vitro cytotoxicity in HeLa cells using the CellTiterBlue Assay (Promega) (Fig. 3A) . In the panel of PEIs we included a LMW Linear-PEI (2.5 kDa), an intermediate PEI (5 kDa) and a High MW (HMW) PEI (25 kDa). In addition we tested a LMW Branched- Fig. 3A , cell cytotoxicity after 24 hours incubation was minimal when L-PEI were incubated with cells, even at higher concentrations of L-PEI (20 µg/mL), however, B-PEI induced significant cytotoxicity, observed at very low concentrations of PEI (0.8 µg/mL). We then proceeded with L-PEI 25 kDa as the preferred PEI to complex with our DNA-polymer conjugates, as the LMW L-PEIs are known to be inefficient nucleic acid carriers while B-PEIs tend to be significantly toxic. 36, 37 We did also test gene silencing with LMW L-PEI (2.5 and 5 kDa), but we did not observe any knockdown (Fig.   SF13 ).
PEI (B-PEI). As indicated in
Next, we tested the in vitro cytotoxicity of DNA-polymers and DNA (antisense oligonucleotide) when associated with L-PEI (25 kDa) (Fig. 3B) . We observed minimal cytotoxicity at nitrogen to phosphate (N:P) ratios of 1, 10, and 30 for all complexes (0.067-4.8 µg/mL) (Fig. 3B) . In short, L-PEI (25 kDa) exhibited minimal cytotoxicity in HeLa cells at the concentrations of PEI employed (N:P=30 or 4.8 µg/mL). However, it is known in the literature that further increase of PEI concentration (> 10 µg/mL) leads to a significant increase in cytotoxicity. Cytotoxicity of PEI-DP micelles was measured after 24 hours of incubation. Fluorescence was normalized to PEI only-treated samples.
Firefly Luciferase Knockdown Activity of ASO-Polymer/PEI Complexes
Previous work has shown that when L-PEI is used at greater than 10 µg/mL, significant cytotoxicity is incurred. 38 If L-PEIs are used at lower N:P ratios in order to minimize cytotoxicity, their potential for nucleic acid delivery is significantly reduced. 39 Alternatively, B-PEI could be used for effective ASO delivery, but only at N:P > than 10 and with concomitant cytotoxicity . 39 Thus, we were interested to study the knockdown potential of antisense oligonucleotide alone and when conjugated to micelleforming (HE 12 -Luc-ASO) and micelle-incapable ((HE-HEG) 6 -Luc-ASO) below the cytotoxicity threshold (N:P≤30 and 4.8 µg/mL) (Fig. 4) . This was carried out over 24, 48, and 72 hours in HeLa cells expressing Firefly Luciferase (described earlier). Samples were prepared at 10 µM and PEI was added to achieve an N:P ratio of 10 and a final concentration of 80 nM. We observed that under typical culture conditions (10% FBS) both Luc-ASO and HE 12 -Luc-ASO achieved little gene silencing (Fig. 4A ).
However, after incubating for 48 and 72 hours, HE12-Luc-ASO achieved significantly increased gene silencing compared to Luc-ASO alone. Additionally, when the content of FBS was increased to 30%, enhanced gene silencing for HE 12 -Luc-ASO relative to Luc-ASO alone was even more significant over 24, 48, and 72 hours (Fig. 4B) . Interestingly, we observed enhanced activity of HE 12 -Luc-ASO compared to antisense alone at a lower N:P=5 (Fig. SF8-A) . On the other hand, non-micelle-forming polymers (HE-HEG) 6 -Luc-ASO failed to achieve any appreciable knockdown at N:P=10 and was significantly less effective than HE12-Luc-ASO at higher N:P (Fig. SF9) . In order to ascertain the knockdown functionality of ASO and ASO-polymers (HE 12 -Luc-ASO), we validated knockdown with a commercially available transfection reagent (Lipofectamine, Fig. SF10 ). At 24 hours, Luc-ASO was significantly more potent than HE 12 -Luc-ASO, however, after an extended period of incubation (72 hours), HE 12 -Luc-ASO exhibited enhanced gene silencing compared to Luc-ASO alone.
We were further interested in investigating whether gene silencing persists after the removal of the initial DNA-PEI mixture. As described earlier we added each of Luc-ASO and HE 12 -Luc-ASO and complexed with PEI N:P=10; however, we removed the media containing the mixture after 24 hours, replaced it with fresh media, and incubated the cells for 5 more days (Fig. 4C) . We observed that Luc-ASO was completely inactive after this period. Surprisingly, HE 12 -Luc-ASO remained significantly active after 120 hours under moderate (10% FBS) and increased (30% FBS) levels of fetal bovine serum content.
Here we show that at moderately low N:P ratios, antisense conjugated to micelle-forming polymers in the presence of low levels of L-PEI (<20 ug/mL), is significantly more efficient at gene silencing compared to antisense aloneh minimal cytotoxicity even after extended periods of incubation The fact that enhanced gene silencing is more pronounced at longer incubation times and at higher FBS content, suggests that resistance to degradation could be an important factor contributing to this effect. Additionally, uptake efficiency of PEI-complexes increases with increasing N:P ratios. 36 Thus we proceeded to track the localization of DP micelles in the presence of PEI in HeLa cells (Fig. 5 ). In the presence of PEI, DP micelles are mostly found in the cytoplasm in perinuclear region which is indicative of endocytic uptake (Fig. 5A ). Several intense foci are observed, confirming the high efficiency of uptake.
In contrast, when Lipofectamine™ (a commercial cationic transfection reagent) was used with the same concentration of DP micelles (100 nM) for transfection, minimal uptake was observed (Fig. 5B) . We were only able to observe foci of DP micelles in the presence of Lipofectamine when we overexposed the image (10 ms vs 370 ms - Fig. 5C ). In order to ascertain that mechanism of uptake is indeed through endocytosis, we proceeded to test knockdown before and after the treatment with inhibitors targeting specific pathways of endocytosis.
Wortmannin, filipin, and sucrose are specific inhibitors of macropinocytosis, caveolae/lipid raft-mediated endocytosis, and clathrin-mediated endocytosis, respectively. 12 We incubated the cells with media containing wortmannin (10 ߤM), filipin (1 ߤM), or sucrose (0.45 M) for 1 hr, we then removed the media and added antisense and DP micelles samples for a further incubation of 24 hr. We then proceeded to quantify luciferase activity as described earlier. Micelle-forming HE 12 -Luc-ASO luciferase knockdown remained unchanged (60%) after filipin and sucrose treatment (Fig. SF11) . However, wortmannin treatment lead to a significant increase in luciferase activity (70%). Taken together, our data suggests that DNA-polymers are likely trafficked to the cytoplasm through macropinocytosis. In previous studies, it was observed that PEI complexes were internalized via a clathrin-dependent route, a lipid-raft-dependent route, and macropinocytosis with the latter being more relevant with larger particle size. 8, [40] [41] [42] [43] Further investigation into the uptake mechanism of the PEI-micelle complexes is ongoing.
Conclusion
Highly efficient gene carriers such as linear PEI are not necessarily well suited for short nucleic acid delivery (antisense and siRNA) delivery. Indeed, while the B-PEI of 25 kDa and the linear PEI of 22 kDa are recognized as belonging to the most efficient plasmid DNA transfection agents, these polymers are poor transducers for the delivery of dsRNA duplexes. 13 Additionally, L-PEI 25 kDa has been shown to be a poor delivery vehicle for exon-skipping oligonucleotides. 44, 45 Only when L-PEI of this length is modified, 12, 18, 46 is ASO delivery and knockdown enhanced.
Here we demonstrate that when antisense oligonucleotides targeting firefly luciferase are conjugated to micelle-forming polymers in a facile and reproducible method, 22 we are able to significantly knockdown efficiency. Enhanced activity is dependent on micelle formation (HE 12 -Luc-ASO). When the same ASO is conjugated to a polymer of similar length without the ability to associate to a micelle ((HE-HEG) 6 -Luc-ASO), gene silencing activity is not observed. Furthermore, gene silencing activity is achieved even at an N:P=5 (< 1 µg/mL of PEI), with minimal cytotoxicity. While higher PEI concentrations (N:P=20) did increase antisense knockdown efficiency, a slight concomitant increase of cytotoxicity was observed.
The cytotoxicity of HMW PEI is well studied 37, 47, 48 and is especially detrimental at higher concentrations. Significant cytotoxicity and apoptotic cell death was demonstrated at concentrations of 10-20 ug/ml of HMW L-PEI and B-PEI (750 kDa and 25 kDa Using our approach, we are able to achieve significant transfection and knockdown with minimal cytotoxicity at much lower concentrations of L-PEI then previously needed (at N:P=5 and 10). Our approach is simple and efficient as it only requires readily available PEI at very low concentrations. The unique ability for low PEI requirement hinges on the intrinsic structure and monomer sequence of DNA 
